INTRODUCTION
Vaccinia virus is an orthopoxvirus, a group of viruses which transcribe and replicate their large double stranded DNA genomes in the cytoplasm of infected cells (1) . This replication site distinguishes poxviruses from many other DNA viruses which replicate in the nucleus and which mostly use endogenous nuclear enzymes for transcription and replication. Cytoplasmic replication requires that the enzymes for these processes are provided by the infecting virus and consequently poxviruses encode many enzymes involved in nucleic acid metabolism. Thus, they provide an excellent system for studying transcription, DNA replication and recombination in a eukaryotic cell. Poxviruses encode and package a multisubunit DNA-dependent RNA polymerase (2) (3) (4) (5) (6) and enzymes to cap, methylate and polyadenylate mRNA (7) (8) (9) (10) . For DNA metabolism the virus packages a topoisomerase (11) (12) , nicking-joining enzyme (13) (14) and single stranded-specific DNAase (15) . Within the infected cell a DNA-dependent DNA polymerase (16) (17) (18) (19) , hetero-dimeric ribonucleotide reductase (20) (21) (22) , thymidine kinase (23 -25) and DNA ligase (26, 27) are expressed. The single strand-specific DNAase, nicking-joining enzyme and DNA ligase have not been proven to be virus encoded.
DNA ligases and the genes encoding them have been identified in E. coli, bacteriophages T4 and T7 and yeasts S. cerevisiae and S. pombe (28) (29) (30) (31) (32) . In these organisms the DNA ligase is an essential enzyme involved in DNA replication, recombination and repair (reviewed in 33) . The genes encoding mammalian DNA ligases have not been identified although there has been considerable biochemical characterisation of the enzymes (reviewed in 34) . In this report the structure of a vaccinia virus gene encoding a polypeptide of 63.3 kDa which has high amino acid sequence homology to DNA ligases of yeasts and limited homology to prokaryotic DNA ligases is presented. Transcriptional analyses demonstrate that the gene is transcribed early during infection. The high degree of homology to both 9051 (a IRL Press yeast DNA ligases particularly near the carboxy terminus may aid the identification and cloning of mammalian DNA ligase genes via use of synthetic peptides or oligonucleotides.
MATERIALS AND METHODS Nucleotide sequencing The 13.4 kb Sall F fragment of vaccinia virus (strain WR) was isolated from cosmid 6, which contains virus DNA derived from a rifampicin resistant mutant (35) , and was cloned into pUC13. The Sall fragment was separated from plasmid sequences and self-ligated with T4 DNA ligase. Circular molecules were randomly sheared by sonication, end-repaired with T4 DNA polymerase and Klenow enzyme and fragments of greater than 300 nucleotides cloned into SmaI cut Ml3mpl8. Single stranded DNA was prepared and sequenced using the dideoxynucleotide chain termination method (36) , using [35S]-dATP and buffer gradient polyacrylamide gels (37) . For further details see (38) . Computer analysis Nucleotide sequence data were read from authoradiographs by sonic digitiser and assembled into contiguous sequences using programmes DBAUTO and DBUTIL (39,40) on a VAX 8350 computer. The consensus sequence was translated in 6 frames using programmes ORFFILE and DELIB (M. Boursnell, Institute of Animal Health, Houghton, UK.). Open reading frames were compared against SWISSPROT protein database and against our own database of vaccinia amino acid sequences using programme FASTP (41) . Alignments of multiple protein sequences were performed using programme MULTALIGN (42) . RNA preparation Early or late virus mRNA was prepared from human TK-143 cells infected with vaccinia virus strain WR at 30 plaque forming units per cell as described (43) . Northern analysis Denatured RNA samples were electrophoresed through agarose gels, transferred to nitrocellulose membranes and probed with single stranded [32P]-labelled DNA probes as described (43 acetate, 10 mM magnesium acetate, 1 mM EDTA, 0.1% SDS and 10 jig/ml tRNA overnight at 37°C. Primer e-xtension analyses An oligonucleotide 5' CCGGGAAGCAATAGCTTAATG 3' was 5'-labelled with -y[32P]-ATP using polynucleotide kinase and hybridized to denatured RNA samples as for Si nuclease analysis. Hybridized nucleic acid was recovered by ethanol precipitation and incubated with avian myeloblastosis virus reverse transcriptase as described (44) . Figure 1 shows the position of the SalI F fragment within the vaccinia virus genome. This fragment was sequenced using the random shotgun method (38) and a contiguous DNA sequence of 13,411 nucleotides with an average character density of 6.1 was obtained. The complete sequence will be published elsewhere. Translation of this sequence detected more than 20 ORFs of greater than 66 amino acids and which fitted the codon usage of established vaccinia genes. The position and direction of transcription of the largest ORF (SalF 15R) is indicated in Figure 1 and the nucleotide sequence and deduced amino acid sequence are shown in Figure 2 . This ORF maps between 7625 and 9280 nucleotides from the left end of the SalI F fragment and encodes a polypeptide of 552 amino acids with a predicted molecular weight of 63.3 kD.
RESULTS
The ATG codon at the beginning of SalF 15R is part of a conserved motif (TAAATG) which is found at the transcriptional initiation site of most late genes (45, 46) . Immediately upstream is the sequence TTTTTTTAT which represents two overlapping, early, transcriptional termination signals (47) . The next early transcriptional termination signal is 2730 nucleotides downstream, 1060 nucleotides beyond the end of SalF 15R. Interestingly, the sequence TTTT-T-TT-lNT is found just upstream of the TAAATG motif within two strongly expressed late poxvirus promoters. The cowpox virus gene encoding an abundant 9053 Nucleic Acids Research 00 00o 00 00 030 00 00 00 00 00 00 00 00 00
Nucleic Acids Research 160 kDa protein found in type A inclusion bodies contains TTTTTTTAT separated from TAAATG by AA (48, 49) and the vaccinia virus gene encoding an 11 kD core basic protein has the sequence TT YlTTTCT six nucleotides upstream of the TAAATG motif (50) . These sequences suggested that the SalF 15R gene might be transcribed late during infection. Transcriptional analyses Virus mRNA produced during the early or late phase of infection was analysed first by Northern blotting with a single stranded DNA probe derived from entirely within the coding sequence of SalF 15R. The probe was complementary to the nucleotide sequence shown in Figure 2 and the result is shown in Figure 3A . (1). The SI nuclease technique was used to precisely locate the 5' ends of the mRNAs (51) ( Figure 3B ). A 365 nucleotide ClaI-BclI fragment labelled with 32P at the 5' end of the Bcdl site was used as probe (see Figure 1 ). The DNA fragments protected from S1 nuclease Figure 2 . The S1 nuclease technique can underestimate the length of RNA by a few nucleotides so it is likely that the majority of the early transcripts initiate within the TAAATG motif. Late RNA contains a small amount of transcripts initiating at the same position but it is uncertain if this reflects true late transcription or a small residual amount of early RNA that was also noted in Northern analysis. The presence of early RNA initiating at, or close to, a potential late transcription initiation site raised the possibility that these RNAs contain 5' poly A sequences of up to 35 nucleotides, a feature of late vaccinia mRNAs (52, 53) . This was addressed by primer Figure 2 and the results of this analysis are shown in Figure  3C . With early RNA (lane 2), primer extended products of 141-146 nucleotides are produced. These map at, or just upstream of, the TAAATG motif and the SI nuclease start site. The tight clustering of the primer extended products at a position approximately 5 nucleotides upstream of the 5' ends as determined by SI nuclease protection, indicated that the early mRNAs do not contain 5' poly A sequences of heterogeneous length. The slight difference in length of the primer extended products versus the SI nuclease protected fragments may be attributable to SI digestion of a few terminal nucleotides. Alternatively, the true 5' end of the mRNA may contain a few (4 or 5) A residues between the cap structure and the AUG. No extended product was produced by reverse transcription of late RNA (lane 3). This experiment was performed with a different preparation of late RNA than used in Northern and SI experiments and the absence of any extended product supports the conclusion that a small amount of early virus mRNA remained in the late RNA preparation used for Northern and SI analyses.
Analysis of the open reading frame
Comparison of the amino acid sequence of SalF 15R with our database of vaccinia virus proteins using programme FASTP (41) found no strong matches. However, a search of the protein database SWISSPROT revealed extensive homology to DNA ligase of Saccharomyces cerevisiae (31) . An optimised FASTP score of 527 was obtained (KTUP of 1) and the two proteins had 30% amino acid identity over a 412 amino acid region. A similar degree of homology exists between SalF 15R and Saccharomyces pombe DNA ligase (32) although fission yeast S. pombe and the budding yeast S. cerevisiae are evolutionarily divergent. Only weak homology was detected with bacteriophage T4 and T7 and E. coli DNA ligases. An alignment of the amino acid sequences of DNA ligases from yeasts and vaccinia virus is shown in Figure 4 . This alignment shows that the aminoterminal region of the vaccinia protein is divergent from both yeast sequences and there are regions which are absent in vaccinia but present in both yeasts. The latter point is reflected in the predicted sizes of the proteins, with vaccinia DNA ligase (63.3 kD) being considerably smaller than DNA ligases of S. pombe (86.2 kD) and S. cerevisiae (84.8 kD). The yeast DNA ligases are also least conserved in the amino terminal region. In contrast, in the carboxy-terminal region the three sequences are almost colinear and have extensive amino acid identity and conservative changes. The presumed catalytic lysine at the ATP binding site (marked with asterisk) is conserved in all these sequences and as to a nitrocellulose membrane and probed with a [32P]-labelled, prime-cut, single stranded DNA fragment complementary in sequence to an internal region of the DNA ligase gene shown in Figure 2 . After digestion with S1 nuclease, DNA fragments were resolved on a 6% buffer gradient TBE sequencing gel. Lanes TCGA represent a sequencing ladder from an M13 clone containing vaccinia virus DNA and lane 1 contains undigested DNA probe. The length of the protected fragments were determined by counting the number of nucleotides in the parallel sequencing ladder starting from the 5' end of the universal sequencing primer. C. Primer extension. A 21 base oligonucleotide was 5' labelled with 'y -_32P]-ATP and polynucleotide kinase and hybridized to early (lane 2) or late (lane 3) virus mRNA. Extension from the oligonucleotide was performed with reverse transcriptase and products were resolved on a 6% buffer gradient sequencing gel. An M13 clone containing vaccinia virus DNA sequenced from universal primer was used as the size ladder (lanes TCGA). Lane well as in T4 and T7 DNA ligases. In the E. coli enzyme, which uses NAD rather than ATP as cofactor, this site is less conserved. The most highly conserved region is very close to the carboxy terminus and is rich in basic amino acids. Over a 16 amino acid region the vaccinia protein shares identity with S. pombe at 15 positions with S. cerevisiae at 14 positions with a conservative isoleucine to valine change at one of the two divergent amino acids. This region is also well conserved in T4 with 6 identical residues and several conservative changes. The high conservation of this region suggests it plays some critical role in DNA ligase function, and its basic composition is consistent with an interaction with the DNA substrate. Comparisons of the vaccinia virus protein with prokaryotic DNA ligases using DIAGON (date not shown) showed very little similarity with only short conserved domains. This is not surprising since the prokaryotic DNA ligases are themselves divergent with little homology. DISCUSSION The nucleotide sequence of a vaccinia virus gene which maps in the SalI F fragment and which potentially encodes a polypeptide of 63.3 kD is presented. The deduced amino acid sequence of the open reading frame has extensive similarity to DNA ligases of S. pombe and S. cervisiae but poor similarity to prokaryotic DNA ligases outside a few highly conserved domains. This provides direct evidence that vaccinia virus encodes a DNA ligase and supports early data (26) showing a 13-fold increase in DNA ligase activity in the cytoplasm of vaccinia virus-infected cells. Spadari (1976) concluded that the increase in DNA ligase activity was probably not virus-encoded since the enzyme had similar biochemical characteristics to cellular DNA ligase I, but may be attributable to enhanced leakage of the nuclear enzyme into the cytoplasm of virus infected cells. The high structural relatedness of the predicted vaccinia virus protein to known DNA ligases is alone probably 9058 sufficient to conclude that the protein is a DNA ligase, but this conclusion is supported by the observed increase in ligase activity in virus-infected cells and our own biochemical data demonstrating that the encoded protein possesses DNA ligase activity (Kerr and Smith, submitted for publication).
The amino acid sequence of this vaccinia enzyme is the first reported primary structure of a 'mammalian' DNA ligase. It is also the only example of a eukaryotic virus encoding a DNA ligase, although other large DNA viruses which replicate in the cytoplasm, such as African Swine Fever Virus, probably encode this enzyme. Although much is known of mammalian DNA ligases the genes encoding these enzymes have not been mapped. The search for these genes has received extra importance with the demonstration that the genetically inheritable disease, Bloom's syndrome, is associated with a defect in DNA ligase I resulting in enzyme thermolability and decreased activity (54, 55, 34) . This search may be aided by the nucleotide and deduced amino acid sequence of the vaccinia DNA ligase. The highly conserved amino acid domains in the carboxy-terminal region may be used to design synthetic oligopeptides which could be used to raise antisera to screen expression vector libraries containing mammalian cDNAs. Alternatively, mixtures of synthetic oligonucleotides representing the sequences from these domains could be used in polymerase chain reactions to amplify and subsequently clone the ligase gene(s).
Transcriptional analyses demonstrate that the vaccinia DNA ligase gene is transcribed early during infection. This finding was contradictory to what may have been predicted from inspection of the nucleotide sequence proximal to the translational start site. At this position there is a sequence TAAATG characteristic of transcriptional start sites of late vaccinia genes and is immediately preceded by two overlapping early transcriptional termination signals (TTTTTTTAT). Perversely, the sequence T7NT is also present just upstream of the TAAATG motif of two of the strongest late poxvirus promoters known (46, 48, 49) . The function of these early transcriptional termination signals at this position is unclear, but it is unlikely to be the prevention of early transcripts running through the ligase promoter from upstream and thereby interfering with transcription initiating from the ligase promoter, since transcription termination induced by this signal occurs approximately 50 nucleotides downstream. Surprisingly, there are no early transcription termination signals near the 3' end of the DNA ligase gene. Instead the early mRNAs terminate after the first or second gene downstream (SalF 16R and SalF 17R) which are transcribed in the same direction. Consequently, the DNA ligase mRNAs are potentially polycistronic.
Mapping of the 5' end of transcripts from the DNA ligase gene by S1 nuclease protection showed a major cluster of 5' ends at, or just downstream of, the TAAATG motif, with the strongest signals at the T and G nucleotides of the ATG codon. There are also three other very minor start sites downstream within the first 80 nucleotides of the open reading frame. The abundance of these minor start sites was even lower when analysed by primer extension and are not discernible on the autoradiograph shown but only after prolonged exposure. The significance of these minor, smaller transcripts is unclear but translation from them would give rise to a protein lacking the amino terminal 54 amino acids. Primer extension confirmed that the 5' end of >95% of the mRNAs mapped to near the TAAATG motif but placed the major 5' end five nucleotides upstream of the position determined by S1 nuclease protection. This is possibly due to nibbling of the terminal nucleotides by S1 nuclease. Alternatively, it could be due to extra A nucleotides on the 5' end of mRNA between the cap structure and AUG codon and might explain how the 5' terminal 9059 Nucleic Acids Research nucleotide, predicted to be predominantly T from the primer extension result, could be A (or G) as shown from analysis of the cap structure of total early virus mRNA (56) . The TAAATG motif is therefore not exclusively a start site for late vaccinia mRNAs. A similar result was obtained with gene 5 in the HindHI D fragment which contains this motif at this site of initiation of transcription early during infection (57) .
DNA ligase can now be added to the list of enzymes known to be encoded by vaccinia virus. Other virus encoded enzymes involved in DNA metabolism are DNA polymerase, topoisomerase, ribonucleotide reductase and thymidine kinase. In addition a single strandspecific nuclease and nicking-joining enzyme are packaged in the virion and likely to be virus-encoded. Probably this cytoplasmically replicating virus contains a complete DNA replication system that may function independently of host enzymes. In view of this the existence of a virus-coded DNA ligase might be predicted. However, vaccinia contains two other enzymes with DNA strand sealing activity (topoisomerase and nicking-joining enzyme) and models for virus DNA replication have been proposed which do not require a conventional DNA ligase (58, 59) . In one model the linear double stranded DNA genome with covalently closed hairpin ends is nicked on one strand near one, or both, terminal hairpins to provide a 3' OH from which polymerisation may initiate. Elongation proceeds around the terminal hairpin, down the linear genome and around the opposite hairpin to produce concatemeric DNA molecules by a strand displacement mechanism. This model does not require, but may use, lagging strand synthesis. An alternative model requires the use of short primers, lagging strand synthesis and a DNA ligase (60) . Resolution of concatemeric junctions into closed hairpins can be accomplished by nicking-joining enzyme (so named to distinguish it from topoisomerase I, nicking-closing) (14) . While the existence of a virus DNA ligase does not establish either mechanism it is consistent with lagging strand synthesis for which some evidence has been presented (61, 62 ). An alternative, or additional, function of the virus DNA ligase could be in DNA recombination. In bacteriophage T4 replication, the processes of DNA replication and recombination are dependent upon each other and DNA ligase is essential for both activities (63) . Similarly, vaccinia virus DNA replication and recombination are linked and no conditional lethal mutants have been described which are defective in only one of these processes. No conditional lethal mutant has been assigned to the DNA ligase gene. An exciting possible explanation is that a temperature sensitive DNA ligase may result in a recombination defective phenotype and therefore marker rescue at the nonpermissive temperature would not occur. The isolation of such a mutant or the construction of a virus expressing DNA ligase conditionally from an inducible promoter (64, Rodriguez and Smith, in preparation) will be valuable tools in determining if DNA ligase is essential and in elucidating its role in DNA replication and recombination.
